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The Aryl Hydrocarbon Receptor Mediates UVB
Radiation–Induced Skin Tanning
Bettina Jux1,3, Stephanie Kadow1, Sandra Luecke2, Agneta Rannug2, Jean Krutmann1 and Charlotte Esser1
Melanogenesis is the vital response to protect skin cells against UVB-induced DNA damage. Melanin is
produced by melanocytes, which transfer it to surrounding keratinocytes. Recently, we have shown that the aryl
hydrocarbon receptor (AhR) is part of the UVB-stress response in epidermal keratinocytes. UVB triggers AhR
signaling by generating the AhR ligand 6-formylindolo(3,2-b)carbazole from tryptophan. We show here that
normal murine melanocytes express functional AhR. Using standard UVB tanning protocols, AhR-deficient mice
were shown to tan significantly weaker than wild-type mice; in these mice, tyrosinase activity in the epidermis
was lower as well. Tanning responses and tyrosinase activity, however, were normal in keratinocyte-specific
conditional AhR knockout mice, indicating that release of melanogenic keratinocyte factors is unaffected by the
UVB-AhR signaling pathway and that the diminished tanning response in AhR/mice is confined to the level of
melanocytes. Accordingly, the number of dihydroxyphenylalanin-positive melanocytes increased significantly
less on UVB irradiation in AhR/ mice than in wild-type mice. This difference in melanocyte number
was associated with a significantly reduced expression of stem cell factor-1 and c-kit in melanocytes of AhR/
mice. Thus, the environmental signal sensor AhR links solar UVB radiation to skin pigmentation.
Journal of Investigative Dermatology (2011) 131, 203–210; doi:10.1038/jid.2010.269; published online 23 September 2010
INTRODUCTION
Tanning is a physiological response to sun exposure, and
solar UVB (280–320 nm) radiation is the most important
stimulus of skin melanogenesis. Melanin is generated by
melanocytes in specialized organelles, the melanosomes, in
a complex process orchestrating signal sensors, transcription
factors, and many proteins. Melanosomes then transfer
melanin to the surrounding keratinocytes, where it forms a
cap around the nucleus to protect them from UV-induced
DNA damage. Keratinocytes stimulate melanogenesis and
contribute to melanocyte viability by secreting a variety of
soluble factors (Yaar and Gilchrest, 2004; Yamaguchi and
Hearing, 2009). We recently showed that UVB irradiation
generates formylindolo(3,2-b)carbazole (FICZ), a tryptophan
derivate, in epidermal keratinocytes (Fritsche et al., 2007).
FICZ is a high-affinity ligand and endogenous activator
(Rannug et al., 1987; Wincent et al., 2009) of the transcrip-
tion factor aryl hydrocarbon receptor (AhR), which is a well-
known pleiotropic sensor of environmental factors (Burbach
et al., 1992; Denison and Nagy, 2003; Afaq et al., 2009).
UVB-induced, FICZ-mediated AhR activation is an essential
part of the UVB-induced stress response in epidermal
keratinocytes and mediates the expression of a variety of
genes, such as cytochrome P450 (CYP) and Cox-2 enzymes
(Fritsche et al., 2007).
AhR is a ligand-activated transcription factor present in
many cell types. Following ligand binding, AhR translocates
to the nucleus, dimerizes with ARNT, enabling the complex
to bind to DNA recognition sequences (called dioxin-
responsive elements (DREs)), and eventually initiates gene
transcription (Schmidt and Bradfield, 1996; Kewley et al.,
2004). AhR activation affects cell proliferation, differentia-
tion, and apoptosis, and modulates cell- and organ-specific
functions (Bock and Kohle, 2006; Matsumura et al., 2009).
A link between AhR activation and melanogenesis is
suggested by clinical observations of the toxic exposure of
humans to AhR ligands such as dioxins, furans, and
polychlorinated biphenyls. In Japan in 1968 and in Taiwan
in 1979, accidental mass-poisoning incidents occurred from
cooking oil contaminated with polychlorinated biphenyls,
among which were strong AhR ligands. These patients
showed increased skin and gingival pigmentation, and
children of mothers exposed to polychlorinated biphenyls
were born with dark pigmentation of head, face, and genitals
(‘‘cola-babies’’) (Kikuchi, 1984; Masuda, 1985; Hashiguchi
et al., 2007; Kanagawa et al., 2008). There is also evidence
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that exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), a potent AhR ligand, causes skin hyperpigmentation
(Dunagin, 1984). In addition, infection with the yeast
Malassezia sp. alters skin pigmentation (Karaoui et al.,
1981; Kramer et al., 2005), presumably through its compound
malassezin (2-(1H-indol-3-ylmethyl)-1H-indole-3-carbalde-
hyde), a natural ligand of the AhR (Wille et al., 2001). We
therefore hypothesized that activation of the AhR signaling
pathway may have a role in the physiological tanning
response of the skin, which is induced by solar UVB radiation.
RESULTS
AhR is expressed and functional in normal murine melanocytes
We have previously shown that keratinocytes and Langerhans
cells in murine skin express AhR (Fritsche et al., 2007; Jux
et al., 2009). As shown in Figure 1a, AhR and ARNT mRNA
were also easily detectable in normal mouse melanocytes
(NMMs). AhR protein levels in NMM from C57BL/6 mice
reachedB50% of the levels observed in the liver and thymus
(Figure 1b). To confirm that the AhR pathway is functional,
we treated cultured NMM with either TCDD, UVB-irradiated
tryptophan, or FICZ for 24 hours and analyzed induction
of the classical AhR-responsive gene cyp1a1. As expected, all
three exposures markedly induced cyp1a1 in these cells
(Figure 1c–e). The response was abrogated in AhR/mice for
all ligands, even at the highest FICZ concentration.
AhR is involved in skin pigmentation in vivo
To assess the role of the AhR signaling pathway in UVB-
induced skin pigmentation, C57BL/6 wild-type (WT) mice
and AhR/ mice on a C57BL/6 background were exposed
to two different tanning regimens (Kawaguchi et al., 2001;
D’Orazio et al., 2006), and melanin content was measured in
the ears of UVB- or sham-irradiated mice. As shown in
Figure 2b, the melanin contents increased through single-
dose regimen in the ears of C57BL/6 mice were detectable.
This UVB-induced melanin increase was significantly weaker
(P¼0.0039 in Figure 2b) in the ears of irradiated AhR/
mice (Kawaguchi et al., 2001). Similar results were achieved
with a protocol of 20 100mJ cm–2 UVB irradiations over a
period of 4 weeks (Figure 2c). Photographs of tanned tail skin
are shown in Figure 2a.
Essentially identical differences were obtained when the
activity of tyrosinase, the key enzyme in melanogenesis, was
measured in tail skin of irradiated mice. UVB-induced
tyrosinase activity was weaker in AhR/ than in WT mice,
as measured with the second tanning protocol (P¼0.0096
in Figure 2d).
Keratinocytes do not mediate the AhR-dependent
tanning response
Exposure of skin to UVB results in the release of soluble
factors by keratinocytes, which stimulate melanocyte
proliferation and melanogenesis, most importantly a-mela-
nocyte-stimulating hormone (Kadekaro et al., 2003). We bred
keratinocyte-specific AhR/ mice (K5Creþ :AhRflox/flox;
‘‘conditional knockout’’). In these mice, AhR was not expressed
in keratinocytes, whereas AhR expression was detectable in
all other organs tested, including in keratinocyte-depleted
epidermal cells (ECs) (Figure 3a). As shown in Figure 3b and
c, K5Creþ :AhRflox/flox mice tanned normally on UVB radia-
tion, measured by melanin content and tyrosinase activity.
This indicates that AhR absence in keratinocytes does not
affect the release of melanogenic factors. Congruent with
this, neither the murine genes for proopiomelanocortin
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Figure 1. Normal mouse melanocytes express high levels of functional
aryl hydrocarbon receptor (AhR). Mouse melanocytes were cultivated from
epidermal skin as described. (a) Standard PCR and agarose gel electrophoresis
of AhR, ARNT, and two housekeeping genes, HPRT and RPS6. S: molecular
weight standard. One representative experiment out of three is shown.
(b) Western blot: bars show densitometry of AhR expression standardized
to GAPDH. 1: liver, 2: thymus, 3: wild-type (WT) melanocytes, 4: AhR/
melanocytes. Primary cultivated melanocytes were exposed to 10 nM 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) (c), 1mM UVB-irradiated tryptophan
(d), or 50–1000 pM formylindolo(3,2-b)carbazole (FICZ) (e). Shown is n-fold
induction of RNA for CYP1A1 after 24 hours, either in WT (black bars) or
AhR/ (white bars). The mean and SD values of three (TCDD, UVB-irr. L-trp)
or two (FICZ dose) independent experiments are shown. ND, not detectable;
UVB-irr. L-trp, UVB-irradiated L-tryptophan tryptophan.
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(the precursor of a-melanocyte-stimulating hormone) nor
those for endothelin-1 or basic fibroblast growth factor have
valid dioxin-responsive elements in their promoters in mice
(Sun et al., 2004). These results indicate that the decreased
tanning response of AhR/ mice is confined at the level of
melanocytes.
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Figure 2. Tanning response of wild-type (WT) versus aryl hydrocarbon receptor (AhR)-deficient mice. (a) Photographs of epidermal sheets from tail skin
of WT or AhR/ mice, taken 2 weeks after a single irradiation of 180mJ cm–2. The length of the biopsied tail pieces is approximately 1 cm each. (b, c) Melanin
content after 1 180mJ cm–2 or 5 100mJ cm–2 per week for 4 weeks. (d) Tyrosinase activity in tail epidermis. Three to six mice were used
per group. Shown is a representative experiment. OD, optical density.
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Figure 3. Tanning response in K5Creþ mice. (a) Aryl hydrocarbon receptor (AhR)flox/flox mice were bred with K5Cre mice. Keratinocyte-specific excision was
confirmed with PCR. Epidermal cells (ECs) were stained with CD117, MHCII, and CD3 and separated by magnetic cell sorting. Lanes from left to right:
(M) 100 bp size standard (1) liver, (2) thymus, (3) enriched KC, (4) CD117/MHCII/CD3-enriched ECs, (5) unseparated epidermis. Wild-type (WT) band: 140 bp;
excised band: 180 bp. (b) Melanin content in the ears of conditionally deficient mice (‘‘K5Creþ ’’) in keratinocytes and in control mice having no AhR deletion
(‘‘K5Cre’’, exposed to 100mJ cm–2 UVB five times per week for 4 weeks). (c) Tyrosinase activity in tail epidermis. At least four mice were used per group.
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Activated AhR does not induce melanogenic enzymes and
melanin production
Wemeasured tyr, tyrp1, tyrp2, andmitf expression in cultures
of NMMs after 10 nM TCDD, 1mM UVB-irradiated trypto-
phan, and 1 nM FICZ, concentrations that easily induce the
AhR target gene cyp1a1 (Figure 1). We also tested tyr activity
on FICZ treatment. Conversion of tyrosine into dihydroxy-
phenylalanin (DOPA) by tyrosinase is the rate-limiting step in
melanogenesis. AhR activation did not enhance or mediate
tyrosinase transcription or tyrosinase activity, nor did it affect
tyrp1, tyrp2, or mitf RNA expression. In addition, melanin
production did not increase in cultured normal melanocytes
on stimulation with FICZ (data not shown). Moreover, the two
possible DREs of the tyrp1 promoter did not drive luciferase
in HepG2 cells transfected with a reporter vector on TCDD
treatment (data not shown). We conclude that ligand-induced
activation of AhR does not drive de novo transcription
of these key factors in melanin production in murine
melanocytes.
UVB-induced melanocyte density is lower in AhR-deficient
mice than in WT mice
We next analyzed UVB-induced proliferation of melanocytes
in WT and AhR/ mice (Rosdahl and Szabo, 1976). Mice
were exposed to a single tanning UVB dose of 180mJ cm–2,
and DOPA-positive cells were counted in ear epidermis
2 weeks later. As shown in Figure 4, UVB radiation led to
increased melanocyte density, approximately 3-fold in
C57BL/6 mice, but only about 2-fold in AhR-deficient mice
(Figure 4a and b). In irradiated K5Creþ mice, DOPA-positive
cell density increased by UVB as much as in K5Cre mice
(data not shown).
Pigmentation and melanocyte differentiation-related genes are
deregulated in AhR/ mice
Theoretically, UVB irradiation could increase the number
of DOPA-positive melanocytes by affecting (i) proliferation of
mature melanocytes, (ii) differentiation of melanoblasts, (iii)
mobilization of melanocytes from distant sites, for example,
the hair follicle, (iv) activation of melanin synthesis in
dormant melanocytes, or (v) a combination thereof. To better
understand the role of AhR-signaling with regard to these
possibilities, we performed a microarray analysis of cultured
primary melanocytes from WT and AhR/ mice. A total
of 291 genes were expressed at least 3-fold higher in WT than
in AhR/ mice, and 45 genes higher in AhR/ mice than in
WT mice (see Supplementary Data S1 online). As expected,
the AhR target gene cyp1b1 was no longer expressed in
AhR/ melanocytes. Gene ontology analysis tagged 65
(WT4AhR/) and 14 (AhR/4WT) of these genes as
connected to cell differentiation, apoptosis, and proliferation.
Several genes known to be involved in pigmentation were
also found to be deregulated (Table 1). The chemokine SDF-
1/CXCL12 and its receptor CXCR4 were expressed more
strongly in WT melanocytes (Table 1). CXCL12/CXCR4
signaling has an important role in directing the migration
and positioning of melanoblasts (Belmadani et al., 2009).
Endothelin-1 (end1) and kit ligand (kitl), two factors involved
in melanocyte proliferation, were expressed 3.6- and 6-fold
higher in WT than in AhR/, that is, they need AhR for
normal expression levels. Differentiation and proliferation of
melanocytes require kitl (stem cell factor (SCF)), which can
be secreted by keratinocytes and melanocytes themselves
and binds to c-kit on the surface of melanocytes. Interest-
ingly, we found that cultured WT melanocytes expressed
kitl; however, in AhR/ melanocytes, kitl expression was
hardly detectable; expression of soluble kitl was higher than
membrane-bound kitl, suggesting that melanocyte-produced
SCF can function in an autocrine manner (Figure 5a). Flow
cytometry showed that a lower number of AhR/ melano-
cytes express c-kit on the surface in comparison with WT
melanocytes (Figure 5b). Both kitl and c-kit have several
putative DREs in their promoters (Sun et al., 2004).
Accordingly, a 358 bp promoter fragment of c-kit containing
two DREs could drive luciferase expression in a reporter
assay, indicating that the DREs are functional (Figure 5c).
Collectively, these data suggest that UVB-induced migration
and differentiation of melanoblasts into DOPA-positive
melanocytes is favored by a functional AhR.
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Figure 4. UVB-induced pigmentation. (a) Increase in dihydroxyphenylalanin
(DOPA)þ cells in ear epidermis of wild-type (WT) versus aryl hydrocarbon
receptor (AhR)/ mice. WT and AhR/ mice were irradiated with a single
dose of 180mJ cm–2, epidermis-prepared, and DOPA-stained. Scale
bar¼ 500 mm. (a) Photographs of microscope fields in each group.
(b) DOPA-positive ear melanocytes were counted using a light microscope,
as described in Materials and Methods. Shown is meanþ SD of 22 viewing
fields. Five to six mice were used per group.
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DISCUSSION
We show here that AhR expression in normal murine
melanocytes has a pivotal role in the UVB tanning response.
To our knowledge, this is previously unreported. Treatment
with two standard tanning protocols resulted in increased
melanin content and tyrosinase activity per epidermal area
unit in WT but not in AhR-deficient mice. Moreover, AhR
absence impaired UVB-induced increase in melanocyte
density in the epidermis.
How could AhR activation induce or support skin
pigmentation? As a transcription factor, AhR could induce
directly any of the genes involved in melanogenesis, either in
keratinocytes or in melanocytes. The results of this study
indicate that this is probably not the case. First, conditional
deficiency of AhR in keratinocytes was permissive for
tanning, excluding the possibility that keratinocyte-derived
promelanogenic factors are targets of activated AhR. Second,
although we observed a lower tyrosinase activity in the skin
of UVB-irradiated AhR/ mice compared with WT mice, the
melanin production per cell did not differ between the two
genotypes. Several genes involved in melanogenesis have
dioxin-responsive elements in their promoters. Of the three
key enzymes driving melanin synthesis (tyr, tyrp-1, and
tyrp2), only tyrp1 has putative DREs. However, this was not
functional in a luciferase reporter assay (data not shown).
Taken together, we conclude that induction of de novo
melanin synthesis by activated AhR does not contribute to
UVB-induced tanning in mice.
AhR deficiency impaired the UVB-mediated increase in
melanocyte density in the skin. Microarray analysis revealed
that absence of AhR changed the expression of genes in
melanocytes, including several genes involved in melanocyte
proliferation and differentiation, such as kitl. The latter
displayed a particularly strong dependence on AhR. We
found that cultured AhR/ melanocytes expressed lower
levels of SCF and that the number of c-kit-positive cells in the
epidermis was lower in AhR/ than in WT mice. The murine
c-kit gene has two high-quality DREs in its promoter, and the
c-kit promoter including these DREs could drive luciferase
expression on TCDD treatment in a reporter assay. The
signaling of SCF (or kit-ligand) and its receptor c-kit has an
important role in melanocyte differentiation, proliferation,
and melanogenesis. c-kit encodes a membrane receptor with
tyrosine kinase activity. The injection of a c-kit-inhibitory
antibody abolished UVB-induced pigmentation (Hachiya
et al., 2001). This finding was confirmed and extended by
Kawaguchi et al. (2001), who showed that blocking of c-kit
impaired UV-induced differentiation of melanocyte precur-
sors to mature melanocytes. It is well known that the AhR can
promote or inhibit cell differentiation, for example, of
thymocytes, dendritic cells, or T-cell subsets (Kremer et al.,
1994; Kawaguchi et al., 2001; Veldhoen et al., 2008; Jux
et al., 2009; Platzer et al., 2009).
In aggregate, our data suggest that AhR signaling is
involved in the homeostasis and/or differentiation of mela-
nocytes and melanocyte precursors, possibly by controlling
SCF expression.
The clinical relevance of these results may be 3-fold. First,
modulation of AhR signaling in melanocytes may constitute a
previously unrecognized mechanism to induce or prevent
skin pigmentation in normal, healthy skin. Second, AhR
signaling may be involved in the pathogenesis of vitiligo,
because hypopigmentation in this disease is partly due to the
reduction of melanocyte numbers in lesional skin. It was
Table 1. Selected differentially expressed genes in WT versus AhR/ melanocytes1
Probe set ID4
n-Fold
induction Gene name
Gene
symbol Gene product function2
(WT4AhR/)
1418203_at 11.0 Phorbol-12-myristate-13-acetate-induced Pmaip1 Response to UV
1448710_at 7.3 Chemokine (C–X–C motif) receptor 4 Cxcr4 Migration of melanocyte progenitors
1415855_at 6.0 Kit ligand (stem cell factor; steel factor) Kitl3 Neural crest migration: differentiation and proliferation
of melanocytes
1451924_at 3.6 Endothelin 1 Edn13 Neural crest cell development: proliferation of melanocytes
1428645_at 3.4 Guanine nucleotide binding protein Gnai3 Melanosome biogenesis
1417574_at 2.7 Chemokine (C–X–C motif) ligand 12 Cxcl12 Ligand of Cxcr4
AhR/4WT
1448261_at 12.3 Cadherin 1 (E-cadherin) Cdh13 Melanocyte positioning in the skin
1437430_at 4.5 Solute carrier family 45, member 2 Slc45a2 Pigmentation
1449031_at 3.5 Shisa homolog 2 (Xenopus laevis) Shisa2 Antagonistic to Wnt and Fgf signaling
Abbreviations: AhR, aryl hydrocarbon receptor; WT, wild-type.
1Melanocytes were cultivated from tail skin epidermis and harvested. Purity was determined optically (498%), and by presence of melanocyte specific
genes and absence of keratinocytes or fibroblast specific genes. RNA was hybridized to Affymetrix MOE430A 2.0 arrays, representing 22,600 genes.
2Gene function as given by gene ontology analysis and in literature.
3Verified by reverse transcriptase PCR.
4Affymetrix nomenclature (www.affymetrix.com).
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shown by Nishimura et al. (2002) that hair follicle melano-
cytes can repopulate depigmented epidermis in transgenic
mice constitutively expressing SCF. It is therefore tempting
to speculate that topical application of AhR agonists such
as FICZ may be effective in inducing skin pigmentation
in these patients. Corresponding clinical studies have just
been initiated.
Third, the possible role of AhR in melanocyte proliferation
may indicate its involvement in the pathogenesis of
malignant melanoma. AhR expression in human melanoma
cells has been reported and connected to AhR-dependent
regulation of genes involved in melanoma progression
(Villano et al., 2006). Studies using malassezin suggested
AhR-mediated melanoma cell death (Kramer et al., 2005).
In summary, our results provide evidence of AhR as a critical
mediator of skin tanning. As a sensor of environmental
factors, the AhR may represent a previously unrecognized
target for the regulation of skin pigmentation.
MATERIALS AND METHODS
Mice
AhR/ (Schmidt et al., 1996) and AhRflox/flox mice (Walisser et al.,
2005) were purchased from Charles River Laboratories (Sulzfeld,
Germany). Keratinocyte-specific AhR-knockout mice (K5Creþ ) were
generated by breeding mice expressing Cre-recombinase under the
control of the K5 promoter (Tarutani et al., 1997) with AhRflox/flox
mice. Keratinocytes were purified from the epidermis of the resulting
K5Creþ mice by depletion of MHC-II, CD117þ , and CD3þ cells,
and keratinocyte-specific AhR deletion was verified as described
(Walisser et al., 2005). Primers are given in Supplementary Data S3
online. Keratinocyte-negative ECs expressed AhR, as did the thymus,
liver (see Figure 3a), kidney, lung, and heart (data not shown). All
mice were kept under specific pathogen-free conditions. Mice were
killed by CO2 asphyxiation. All experiments were conducted in
accordance with relevant German animal welfare laws and with
approval of our institute.
Primary melanocyte culture
EC suspensions were prepared from tail skin of C57BL/6 and AhR/
mice as described previously (Jux et al., 2009). ECs were seeded at
1.5 106 cells per ml in six-well plates in serum-free melanocyte
growth medium (Promocell, Heidelberg, Germany). NMMs were
grown for 6–8 weeks, and passaged when confluent. All cells
contained visible amounts of melanin at the end of the culture. Cells
were treated with either 10 nM 2,3,7,8-TCDD (Promochem, Wesel,
Germany) or FICZ for different time points.
UV irradiation
Mice were either irradiated once at 180mJ cm–2 UVB and analyzed
after 2 weeks, or irradiated at 100mJ cm–2 five times per week for
4 weeks (Kawaguchi et al., 2001; D’Orazio et al., 2006). The
irradiation source was a bank of four Philips UVB TL 20W/12/12Rs
lamps (Eindhoven, the Netherlands), which emit UV within the
range of 290–340 nm with an emission peak at 313 nm. The energy
between 310 and 315nm at a target distance of 33 cm was
0.47mWcm–2 in the middle of the bank.
Melanin production
Melanocyte numbers and capacity to produce melanin were
detected in epidermal sheets by the presence of DOPA-positive
cells, and by measuring melanin content. DOPA stainings were
carried out according to Kawaguchi et al. (2001), with slight
modifications. Epidermal sheets were incubated in 0.1% DOPA in
phosphate-buffered saline for 4 hours at 37 1C. Sheets were fixed in
10% formaldehyde/phosphate-buffered saline overnight, mounted
on glass slides, and embedded in Kaiser’s glycerine gelatine (Merck,
Darmstadt, Germany). DOPA-positive cells were counted in a light
microscope at  250 magnification by two persons in a blinded
manner. For each skin sample, 22 visual fields were counted.
The melanin content of individual ears was detected
photometrically. Ears were excised and placed in lysis buffer
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Figure 5. Expression of stem cell factor (SCF) and c-kit in wild-type (WT)
versus aryl hydrocarbon receptor (AhR)/ melanocytes. (a) Primary
melanocytes were cultured, harvested, and RNA-prepared for PCR of SCF and
housekeeping gene Rps6; for SCF primers, see reference (Kawaguchi et al.,
2001). The primers yield two products, soluble (sSCF) and membrane-bound
SCF (mSCF). S: size marker. (b) Epidermal cells were prepared from WT and
AhR/ mice. Shown is a histogram of CD117 (c-kit) surface expression of
cells negative for MHC-II, CD24, CD3, and CD16/32 to exclude Langerhans
cells, keratinocytes, and T cells (left graph), and a bar diagram summarizing
the results of six independent flow cytometry experiments (right graph). (c)
Luciferase assay of c-kit promoter (two putative dioxin-responsive elements
(DREs)) cloned into pGL3basic. Shown is the luminescence of HepG2 cells
after transfection with the plasmid. As controls, results with transfections of
the promoter of cyp1a1, which has five valid DREs, and the empty vector are
shown. White bars: untransfected cells, black bars: transfected cells. For
details on cloned fragments, see Supplementary Data S2 online.
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(100mM Tris-HCl, pH 8.5, 5mM EDTA, 0.2% SDS, 200mM NaCl)
with 75 mgml–1 proteinase K (Qiagen, Hilden, Germany). After lysis
overnight, the solution was filtered through nylon gauze to remove
hair and coarse debris. The solution was centrifuged for 10 minutes
at 14,000 g. The pellet was dissolved in 2M NaOH in 20% DMSO
at 70 1C, with vigorous shaking for 2 hours. Melanin was measured
at 405 nm.
For photographs of tanned skin, tail epidermal sheets were
prepared, fixed in 4% paraformaldehyde, and mounted on glass
slides. Images were taken using a digital Canon EOS 5D (Tokyo,
Japan), at f/4.0, in daylight.
Tyrosinase enzyme activity assays
Normal melanocytes or ECs were washed with ice-cold phosphate-
buffered saline and lysed by incubating at 4 1C for 20 minutes in lysis
buffer (10mM Tris-HCl, pH 7.5, 1% Nonidet P-40, 0.1% sodium
deoxycholate, 0.1% SDS, 150mM NaCl, 1mM EDTA) prepared with
Complete Protease Inhibitor (Roche, Mannheim, Germany). Lysates
were centrifuged at 14,000 g for 15 minutes. Phosphate-buffered
saline (120ml) and 40 ml L-DOPA, resulting in 2mgml–1, were added
to 40ml of supernatant. The mixture was incubated at 37 1C, and
dopachrome formation was monitored by measuring absorbance
at wavelength 492 nm every other minute until the reaction was
exhausted. Tyrosinase activity was normalized to total protein
content, and measured with the BCA protein assay (Pierce
Biotechnology, Rockford, IL).
Flow cytometry
Single-cell suspension from epidermal sheets was cultivated for
24 hours to allow reexpression of c-kit after trypsinization, and
stained with CD117, MHC-II, CD16/32, CD3, and CD24, and
analyzed on a FACScalibur with CellQuest Software (BD Bioscience,
Heidelberg, Germany).
Western blotting
Western blotting was carried out with standard procedures, using
Biomol (Hamburg, Germany) polyclonal rabbit antimouse AhR
antibody directed against amino acids 1–402 of AhR (catalog number
SA-210). The blots were reprobed with an anti-GAPDH antibody
(clone 6C5, Acris, Herford, Germany) for loading control.
Real-time PCR
Total RNA from cultivated primary NMM, prepared with Trizol
(Invitrogen, Darmstadt, Germany), was reverse transcribed and real-
time PCR was performed on a Rotor-Gene RG 3000 (LTF
Labortechnik, Wasserburg, Germany) with a SensiMixPlus SYBR
PCR Kit (Quantace, Berlin, Germany). Crossing points (Cp) in the
linear range of the fluorescent signal were determined with Corbett
analysis software version 6.1 (Qiagen, Hilden, Germany). The x-fold
induction relative to the housekeeping gene Rps6 was calculated
with the DDCp method. For ARNT and AhR, normal PCR was
performed, and bands were made visible with ethidium bromide
staining. Sequences of PCR primers were as given in Supplementary
Data S3 online.
Microarray
Total RNA was isolated with Trizol (Invitrogen) according to the
manufacturer’s instructions. For microarray analysis, mRNA was
amplified before chip hybridization using the MessageAmp Kit of
Ambion (Austin, TX). RNA was biotinylated (Enzo Bio ArrayHighYield
RNA transcript labeling kit (Affymetrix, High Wycombe, UK)) and
purified. RNA was hybridized to MOE430A 2.0 gene chips
(Affymetrix). The resulting *.chp files were analyzed with the
bioconductor affy package using the RMA (robust microarray analysis)
algorithm. Two independent experiments were conducted. The GEO
accession number is GSE19411.
Luciferase assay
Promoter fragments (Supplementary Data S2 online) containing
DREs from tyrp-1, c-kit, and cyp1a1 were cloned into pGL3 basic
vector (Promega, Madison, WI) and transiently transfected into
HepG2 cells. As positive control, we used the promotor region of
cyp1a1 containing five valid DREs. Transfected cells were treated
with 10 nM TCDD or DMSO as solvent control for 24 hours.
Luciferase activities of reporter plasmids were determined using the
firefly-luciferase assay system in a Multi-Bioluminat LB 9505C
(Berthold Technologies, Bad Wild-bad, Germany).
Statistics
Data were analyzed by Student’s t-test with GraphPad Prism
software (La Jolla, CA). Means±SEM were calculated.
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